The basolateral amygdala (BLA) is a critical site for the reconsolidation of labile contextual cocaine memories following retrieval-induced reactivation/destabilization. Here, we examined whether glucocorticoid receptors (GR), which are abundant in the BLA, mediate this phenomenon. Rats were trained to lever press for cocaine reinforcement in a distinct environmental context, followed by extinction training in a different context. Rats were then briefly exposed to the cocaine-paired context (to elicit memory reactivation and reconsolidation) or their home cages (no reactivation control). Exposure to the cocainepaired context elicited greater serum corticosterone concentrations than home cage stay. Interestingly, the GR antagonist, mifepristone (3e10 ng/hemisphere), administered into the BLA after memory reactivation produced a further, dose-dependent increase in serum corticosterone concentrations during the putative time of cocaine-memory reconsolidation but produced an inverted U-shaped dose-effect curve on subsequent cocaine-seeking behavior 72 h later. This effect was anatomically selective, dependent on memory reactivation (i.e., not observed after home cage exposure), and did not reflect protracted hyperactivity. However, the effect was also observed when mifepristone was administered after novelty stress that mimics drug context-induced hypothalamic-pituitary-adrenal (HPA) axis activation without explicit memory reactivation. Together, these findings suggest that, similar to explicit memory retrieval, a stressful event is sufficient to destabilize cocaine memories and permit their manipulation. Furthermore, BLA GR stimulation exerts inhibitory feedback upon HPA axis activation and thus suppresses cocainememory reconsolidation.
Introduction
Exposure to cocaine-associated environmental stimuli can trigger intense craving and drug relapse in cocaine users (Childress et al., 1993; Fox et al., 2005; Rohsenow et al., 1990; Sinha et al., 2000) and cocaine-seeking behavior in rodent models even after extended periods of abstinence (Crombag et al., 2008; de Wit and Stewart, 1981; Fuchs et al., 2008) . Exposure to a cocaine-paired context results not only in the retrieval, but also in the destabilization, of cocaine-related memories that promote drug-seeking behavior. Once labile, these memories must undergo protein synthesis-dependent reconsolidation into long-term memory stores for updating and maintenance (Fan et al., 2010; Fuchs et al., 2009; Nader, 2015; Sorg et al., 2015; Wells et al., 2011) . Successful interference with memory reconsolidation may weaken maladaptive cocaine-associated memories and attenuate cue reactivity in cocaine users (Lonergan et al., 2015; Saladin et al., 2013; Sorg, 2012) . Thus, understanding the neurobiological underpinnings of drug memory reconsolidation is important from a treatment perspective.
Adrenally secreted glucocorticoids (cortisol in humans, corticosterone in rats) potently modulate cocaine-induced behaviors, including cocaine self-administration and several forms of cocaine reinstatement (Deroche et al., 1997; Erb et al., 1998; Graf et al., 2013; Mantsch and Goeders, 1999; Stringfield et al., 2016) . Moreover, glucocorticoids play an important role in memory storage by regulating intracellular signaling and gene transcription (Bamberger et al., 1996) . In support of a role for glucocorticoids in drug memory reconsolidation in particular, social stress manipulation following the initial retrieval of drug-related words disrupts the subsequent recall of these words in heroin users (Zhao et al., 2009) . Furthermore, systemic GR antagonism inhibits the reconsolidation of morphine-conditioned place preference memories (Fan et al., 2013) , but intra-BLA GR antagonism rescues these memories from the disruptive effects of intense stress on memory reconsolidation (Wang et al., 2008) . Importantly, the contributions of GRs to the reconsolidation of cocaine-related memories or of drug memories in an instrumental paradigm have not been investigated.
The BLA is a principal target of glucocorticoids ) and a critical brain region for contextual memory reconsolidation that promotes subsequent cocaine-seeking behavior. Within the BLA, inhibition of protein synthesis or of elements of the mitogen activated protein kinase signaling pathway, including protein kinase A and extracellular signal-regulated kinase (ERK), disrupts contextual cocaine-memory reconsolidation and subsequent drug context-induced reinstatement of extinguished cocaine-seeking (Arguello et al., 2014; Fuchs et al., 2009; Wells et al., 2013) . Evidence suggests that ERK-induced phosphorylation requires interaction between ERK and activated GRs at least in the hippocampus (Reul, 2014) . Hence, we evaluated whether GRs in the BLA contribute to contextual cocaine-memory reconsolidation in an instrumental model of drug relapse. Furthermore, we examined changes in serum corticosterone concentrations after memory reactivation followed by GR antagonist treatment in order to further explore the possible mechanisms of GR-mediated effects.
Methods

Animals
Male Sprague-Dawley rats (Harlan/Envigo, Livermore, CA; 275e300 g) were housed in a humidity-controlled vivarium on a reversed light-dark cycle. Throughout the study, animals received 20e25 g of rat chow per day, with water available ad libitum. This mild food restriction regimen facilitates the acquisition of operant responding without altering the magnitude of cue-induced reinstatement of cocaine-seeking behavior (Bongiovanni and See, 2008) . Protocols followed the Guide for the Care and Use of Laboratory Rats (National Research Council, 2011) and were approved by the Institutional Animal Care and Use Committee.
Food training
To facilitate the acquisition of drug self-administration, rats were trained to lever press during an overnight session. Each response on one (active) lever resulted in food reinforcement (45-mg food pellet; Bio-Serv., Flemington, NJ). Responses on a second (inactive) lever had no programmed consequences. Food training took place in sound-attenuated operant conditioning chambers (26 Â 27 Â 27 cm, Coulbourn Instruments, Allentown, PA) that did not contain the multi-modal sensory stimuli used subsequently for contextual conditioning.
Surgery
Twenty-four hours after the food training session, rats were anesthetized with a ketamine-xylazine cocktail (100.0/5.0 mg/kg, respectively, i.p.). Back-mounted intravenous catheters were constructed in-house and implanted into the right jugular vein, as described previously (Fuchs et al., 2007) . Using standard stereotaxic procedures, stainless-steel guide cannulae (Plastics One, Roanoke, VA) were then aimed 2 mm above the BLA (À2.7 mm AP, 5.0 mm ML, À6.7 mm DV, relative to bregma) or the dorsally adjacent pCPu (À2.7 mm AP, 5.0 mm ML, À4.7 mm DV). Tygon tubing and stylets (Plastics One) covered the tips of the catheter and guide cannulae, respectively. The catheters were flushed daily with 0.1 mL of cefazolin (1.0 mg/10 mL, Henry Schein Animal Health, Tualatin, OR; dissolved in 70-U/mL heparinized saline, Patterson Veterinary Supply, Sterling, MA) followed by 0.1 mL of 70-U/mL heparinized saline. Animals received 5 days of postsurgical recovery before drug self-administration training. Catheter patency was verified using propofol (10 mg/0.1 mL, Henry Schein), as needed.
Cocaine self-administration training
Animals were randomly assigned to self-administer cocaine in operant conditioning chambers arranged to form one of two distinct contexts. Context 1 contained a red house light, intermittent pure tone (80-dB, 1-kHz, 2 s on, 2 s off), pine-scented air freshener (Car Freshener Corp., Watertown, NY), and wire mesh flooring. Context 2 contained an intermittent white stimulus light (2 s on, 2 s off) located above the inactive lever, continuous pure tone (75-db, 2.5-kHz), vanilla-scented air freshener (Scopus Products, Moorpark, CA), and a ceramic tile bisecting a bar floor. At the start of the session, the rats' jugular catheters were connected to an infusion pump (Coulbourn) via polyethylene 20 tubing and liquid swivels (Instech, Plymouth Meeting, PA). Active lever presses resulted in unsignaled cocaine infusions (0.15 mg/0.05 mL over 2 s, i.v.; NIDA Drug Supply Program, Research Triangle Park, NC) under a fixed ratio 1 schedule. Each cocaine infusion was followed by an unsignaled 20-sec timeout period. Active lever presses during the timeout period and inactive lever presses during the session had no programmed consequences. Reinforcer delivery and data collection were controlled using Graphic State Notation software 4.1.04 (Coulbourn). Training continued for two hours daily until rats reached the acquisition criterion (>10 infusions/session on 10 days).
Extinction training
Rats that self-administered cocaine in Context 1 were placed in Context 2, and vice versa, for daily 2-h extinction training sessions. During these sessions, active and inactive lever presses had no programmed consequences. Immediately after extinction session 4, rats were acclimated to the microinfusion procedure. Injector cannulae (33-Ga, Plastics One) were inserted 2 mm past the tip of the guide cannulae and remained in place for 4 min while the rats were gently held by the experimenters. All rats received seven extinction sessions in order to keep memory age, a boundary condition of memory reconsolidation (Frankland et al., 2006; Tronson and Taylor, 2007; Wichert et al., 2011) , constant at the time of the experimental manipulation.
2.6. Experiment 1: effects of mifepristone treatment on cocainememory reconsolidation On post-cocaine day 8, rats were re-exposed to the previously cocaine-paired context for 15 min (in order to reactivate contextual cocaine memories) or remained in their home cages (no memory reactivation control) (see experimental timeline in Fig. 2 ). This session length is sufficient to destabilize instrumental cocaine memories without producing appreciable behavioral extinction . During the session, active and inactive lever presses had no programmed consequences. Immediately after the session or following removal from the home cage, rats received bilateral microinfusions of the GR antagonist, mifepristone (RU38486; 3 or 10 ng/0.5 mL/hemisphere; Sigma-Aldrich, St. Louis, MO), or vehicle (2% ethanol/phosphate buffered saline; 0.5 mL/ hemisphere) over 2 min. Intra-BLA mifepristone doses were selected based on their effective ability to inhibit memory consolidation (Roozendaal and McGaugh, 1997) and reconsolidation (Jin et al., 2007) in other models. Anatomical control groups received 3 ng of mifepristone or vehicle into the pCPu after re-exposure to the cocaine-paired context. Injection cannulae were left in place for 1 min before and after infusion, and rats were then returned into their home cages in the colony room. Rats received a minimum of 2 daily extinction training sessions in the extinction context until they reached the extinction criterion (<25 active lever presses/ session on two consecutive days). The mean number of days needed to reach this criterion (þSEM) was 2.15 þ 0.12, given the prior extinction experience of the animals. Accordingly, testing began~72 h after memory reactivation. At test, the rats were exposed to the previously cocaine-paired context for 2 h during which lever responses had no programmed consequences. Reinstatement of drug-seeking behavior was defined as a significant increase in active lever responding during the test session relative to the last extinction session.
Experiment 2: effects of cocaine context re-exposure and mifepristone on serum corticosterone concentrations
Rats underwent self-administration training and extinction training as in experiment 1 (see experimental timeline in Fig. 3 ). Rats were acclimated to blood sample collection via tail nick (~200 mL/sample) before and after extinction session 6. To minimize stress effects on memory reactivation, pre-session blood samples were collected before extinction session 7, 24 h before the memory reactivation session. Additional blood samples were collected immediately after exposure to the extinction context (session 7) and immediately after exposure to the cocaine-paired context (15-min memory reactivation session) or the home cage on postcocaine day 8. Finally, blood samples were collected 30, 60, and 90 min after intra-BLA mifepristone (3 or 10 ng/0.5 mL/hemisphere) or vehicle administration. Blood samples were centrifuged at 4 C. Serum was stored at À20 C until assayed in duplicate using the MP Biomedicals Corticosterone RIA kit for rats and mice (Solon, OH). The assay provided an intra-assay coefficient of variation of 1.77%, with a lower limit of detectability of 25 ng/mL.
Experiment 3: effects of novelty stress and mifepristone treatment on subsequent cocaine seeking
Rats received cocaine self-administration training and extinction training as in experiment 1 (see experimental timeline in Fig. 2 ). However, on post-cocaine day 8, they were exposed to a novel context for 15 min in order to simulate the effects of the cocaine-paired context on HPA axis activity (Seggie and Brown, 1975) without explicit memory reactivation. The novel context contained continuous white stimulus lights above each lever, continuous complex tone (80-dB, alternating between 1, 1.5, and 2.5 kHz, at 2 s intervals), citrus-scented air freshener (Car Freshener Corp., Watertown, NY), and ceramic tile flooring, and it was located in a different testing room than the cocaine-paired context. Immediately after the session, rats received bilateral microinfusions of 3 ng of mifepristone or vehicle. The procedures for subsequent extinction training and testing were the same as in experiment 1.
Protracted effects of mifepristone on motor activity
Intracranial manipulations can affect lever pressing performance by altering general motor activity. To evaluate this possibility, 12 BLA-cannulated rats from experiment 1 were assigned to receive bilateral intra-BLA microinfusions of each dose of mifepristone and vehicle using a counterbalanced within-subjects testing procedure that commenced 2e7 days after the test of cocaine-seeking behavior. Locomotor activity was assessed 72 h after each treatment to match the treatment-to-testing interval in experiment 1. The sessions were spaced at least 48 h apart. Testing was conducted in Plexiglas activity chambers (42 Â 20 Â 20 cm) equipped with eight light sources and photodetectors. Photobeam breaks were measured for 1 h by a computerized system (San Diego Instruments, San Diego, CA).
Histology
Rats were euthanized by ketamine/xylazine overdose (300/ 15 mg/kg, i.p.) or rapid decapitation. The brains were removed, flash frozen in isopentane, and stored at À80 C. Forty mm brain sections were stained with cresyl violet (Kodak, Rochester, NY, USA) to visualize cannula placement.
Data analysis
Separate analyses of variance (ANOVAs) or t-tests were used to evaluate group differences with treatment (mifepristone doses, vehicle), memory reactivation (memory reactivation, home cage stay), or context (extinction, cocaine-paired) as between-subjects factors and treatment (mifepristone doses, vehicle) or time (days, 20-min intervals, or time points) as the within-subject factor, where appropriate. Tukey's post hoc tests were used to further investigate significant ANOVA effects, when appropriate. Only significant pair-wise comparisons are reported. Alpha was set at 0.05.
Results
Cannula placement
Light microscopy of the brain sections did not indicate excessive gliosis or other abnormalities at the infusion sites. Cannula placements were located bilaterally in the lateral or basal nuclei of the amygdala or the overlying pCPu (Fig. 1) . Data from rats with incorrect cannula placements were excluded from statistical analyses. The resulting sample sizes are reported in the figures and figure captions.
Behavioral history
There were no preexisting differences among the BLAcannulated or pCPu-cannulated groups in cocaine intake and lever responding during drug self-administration, extinction training, and memory reactivation, where applicable. Inactive lever presses remained low at test. Descriptive statistics for these measures are reported in Table S1 , Figs. 2 and 3.
3.3. Mifepristone treatment after cocaine context re-exposure produces an inverted U-shaped dose effect curve for subsequent drug context-induced cocaine seeking Intra-BLA mifepristone administered after cocaine-memory reactivation (i.e., at the time of memory reconsolidation) altered subsequent cocaine-seeking behavior 72 h later ( Fig. 2A) . The three groups did not differ in active lever responding in the extinction context and exhibited more active lever responding in the cocainepaired context at test than on the preceding day in the extinction context (treatment Â context interaction: F 1,22 ¼ 3.57, P ¼ 0.04; context main effect: F 1,22 ¼ 62.39, P ¼ 0.0001; treatment main effect, F 2,22 ¼ 4.34, P ¼ 0.03). Furthermore, the 3-ng mifepristone group exhibited more active lever responding in the cocaine-paired context relative to the vehicle group (Tukey's test, P < 0.05), while the 10-ng mifepristone group did not. The time course analysis ( Fig. 2B ; treatment Â time interaction: F 10,110 ¼ 2.02, P ¼ 0.04; treatment main effect: F 2,22 ¼ 3.86, P ¼ 0.04; time main effect: F 5,110 ¼ 25.58, P ¼ 0.0001) indicated that the 3-ng mifepristone group exhibited more active lever responding than the vehicle group during the first 40 min of testing (Tukey's tests, P < 0.05).
3.4. Low dose mifepristone treatment after home cage stay fails to alter subsequent drug context-induced cocaine seeking Intra-BLA mifepristone administered in the absence of explicit memory reactivation (i.e., following home cage stay) failed to alter cocaine-seeking behavior 72 h later (Fig. 2C) . Both the vehicle and 3-ng groups exhibited more active lever responding in the cocainepaired context than in the extinction context (ANOVA context main effect: F 1,12 ¼ 103.96, P ¼ 0.0001) with no difference in active lever responding between the groups in either context (treatment main and interaction effects, NS). Furthermore, a time course analysis indicated that responding declined in both groups during the Active lever presses (mean ± SEM) during each experimental phase in the anatomical control groups that received intracranial treatment into the pCPu immediately after the cocaine-memory reactivation session. (E) Active lever presses (mean ± SEM) during each experimental phase in the control groups that were exposed to a novel context prior to intracranial treatment. (F) Time course of active lever presses (mean/20 min ± SEM) by the novel context control groups during the test session in the cocaine-paired context (n ¼ 7e8/group, as in panel E). Symbols represent difference from responding in the extinction context (*, A and E: Tukey's tests, P < 0.05; C and D: ANOVA context main effect, P ¼ 0.0001) or from the vehicle control group (y, A, B, and E: Tukey's tests, P < 0.05; F: ANOVA treatment main effect, P ¼ 0.005). Fig. 3 . Effects of cocaine-paired context re-exposure and intra-BLA mifepristone administration on serum corticosterone concentrations. Top panel: Experimental timeline for experiment 2. Rats were repeatedly adapted to the tail nick procedure (red symbols). (A) Serum corticosterone concentrations (mean ng/ml ± SEM) pre-session (Pre; samples collected 24 h before memory reactivation or home cage stay), immediately following exposure to the extinction context (Post Ext), the cocaine-paired context (Post M-REACT), or the home cage (Post HC), and at 30, 60, and 90 min after intracranial treatment (n ¼ 6e11/group, as in panel B). (B) Active lever presses (mean ± SEM) during cocaine selfadministration (SA, mean of last three 2-h sessions) and during the memory reactivation session (15-min session, where appropriate) in the groups that received intra-BLA administration of mifepristone or vehicle immediately after the memory reactivation session or home cage exposure. The numbers in the bars indicate sample sizes. Symbols represent difference relative to corticosterone concentrations observed after exposure to the extinction context (*, Tukey's test, P < 0.05), after home cage stay (z, Tukey's test, P < 0.05), or in the vehicle group (y, ANOVA treatment simple main effect, Tukey's test, P < 0.05). (C) Locomotor activity (mean photobeam breaks/20 min ± SEM) 72 h after intracranial treatment (n ¼ 12, within-subjects design). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) session (time main effect: F 5,60 ¼ 27.32, P ¼ 0.0001; treatment main and interaction effects, NS; data not shown).
3.5. Low dose mifepristone treatment in the pCPu after cocaine context re-exposure fails to alter subsequent drug context-induced cocaine seeking Intra-pCPu administration of the 3-ng dose of mifepristone (behaviorally effective BLA dose) after memory reactivation failed to alter cocaine-seeking behavior 72 h later relative to vehicle ( Fig. 2D ; context main effect: F 1,11 ¼ 29.39, P ¼ 0.0001; treatment main and interaction effects, NS). Both groups exhibited more active lever responding in the cocaine-paired context than in the extinction context.
Low dose mifepristone treatment after novel context exposure potentiates subsequent drug context-induced cocaine seeking
Intra-BLA mifepristone administered after novel context exposure without explicit memory reactivation increased cocaineseeking behavior 72 h later relative to vehicle (Fig. 2E) . The vehicle and 3-ng groups did not differ in active lever responding in the extinction context and exhibited more active lever responding in the cocaine-paired context than in the extinction context (ANOVA treatment Â context interaction: F 1,13 ¼ 10.18, P ¼ 0.007; context main effect: F 1,13 ¼ 40.30, P ¼ 0.0001; treatment main effect, F 1,13 ¼ 11.40, P ¼ 0.005). Furthermore, the 3-ng mifepristone group exhibited more active lever responding in the cocaine-paired context relative to the vehicle group (Tukey's test, P < 0.05). A time course analysis confirmed this effect ( Fig. 2F ; treatment main effect: F 1,13 ¼ 11.07, P ¼ 0.005; treatment Â time interaction, NS) and indicated that responding declined in both groups during the session (time main effect: F 5,60 ¼ 24.15, P ¼ 0.0001).
Cocaine context re-exposure increases serum corticosterone concentrations
There was no preexisting difference between the groups in presession serum corticosterone concentrations (Fig. 3A left panel,  F 3 ,28 ¼ 0.84, NS) or in their behavioral history during cocaine selfadministration training (Fig. 3B, F 3 ,28 ¼ 0.05, NS) or during the cocaine-memory reactivation session (F 2,28 ¼ 2.50, NS, where applicable). Conversely, post-session serum corticosterone concentrations were significantly higher following cocaine-memory reactivation (Fig. 3A left panel, ANOVA group Â day interaction: F 1,30 ¼ 5.33, P ¼ 0.03, Tukey's test, P < 0.05; day main effect: F 1,30 ¼ 6.26, P ¼ 0.02; group main effect: F 1,30 ¼ 0.15, NS), but not after home cage exposure, relative to extinction context exposure.
Mifepristone treatment after cocaine context re-exposure dosedependently increases serum corticosterone concentrations
Intra-BLA mifepristone administration after cocaine-memory reactivation dose-dependently increased serum corticosterone concentrations 30 min post infusion (Fig. 3A middle panel, ANOVA treatment Â time interaction: F 3,28 ¼ 4.09, P ¼ 0.02; time main effect: F 1,28 ¼ 24.83, P ¼ 0.0001; treatment main effect: F 3,28 ¼ 1.42, NS). Specifically, vehicle or 3 ng of mifepristone infusion did not alter corticosterone concentrations relative to the post-memory reactivation baseline. In contrast, infusion of 10 ng of mifepristone increased corticosterone concentrations relative to the baseline (Tukey's test, P < 0.01) and relative to vehicle infusion (Tukey's test, P < 0.05). During the first 90 min following mifepristone or vehicle infusion into the BLA, serum corticosterone concentrations gradually decreased in all groups (time main effect, F 2,56 ¼ 24.57, P ¼ 0.0001; 30-min > 60-min > 90-min time point, Tukey's tests, P < 0.05). However, corticosterone concentrations were consistently higher following 3 or 10 ng of mifepristone administration relative to vehicle (treatment main effect: F 3,28 ¼ 2.92, P ¼ 0.05, Tukey's tests, P < 0.05; treatment Â time interaction, F 6,56 ¼ 1.36, NS).
3.9. Mifepristone treatment after home cage stay fails to alter serum corticosterone concentrations Serum corticosterone concentrations rose 30 min after treatment relative to the post home cage stay baseline (Fig. 3A right panel, time main effect: F 2,15 ¼ 49.91, P ¼ 0.0001; treatment Â time interaction: F 2,15 ¼ 1.38, NS; treatment main effect: F 2,15 ¼ 0.36, NS), possibly reflecting anticipation of, or stress associated with deviation from, the daily routine involving placement into an operant chamber. However, during the first 90 min following mifepristone or vehicle infusion into the BLA, serum corticosterone concentrations declined (time main effect: F 2,30 ¼ 29.42, P ¼ 0.0001), and neither 3 nor 10 ng of mifepristone altered serum corticosterone concentrations relative to vehicle (treatment Â time interaction: F 4,30 ¼ 2.20, NS; treatment main effect: F 2,15 ¼ 0.11, NS).
Mifepristone fails to alter general activity 72 h post treatment
Locomotor activity decreased gradually during each 1-h session (Fig. 3C , ANOVA time main effect: F 2,22 ¼ 109.50, P ¼ 0.0001). Furthermore, neither 3 nor 10 ng of mifepristone altered locomotor activity did not differ 72 h later, relative to vehicle (treatment Â time interaction: F 4,44 ¼ 1.56, NS; treatment main effect: F 2,22 ¼ 1.86, NS).
Discussion
In the present study, mifepristone, a GR and progesterone receptor antagonist (Cadepond et al., 1997) , was used to probe BLA GR contributions to cocaine-memory reconsolidation. Mifepristoneinduced selective manipulation of GRs was possible because progesterone receptors are not expressed in the BLA of rats (ForbesLorman et al., 2014; Quadros et al., 2007) . The main findings of the present study were that either cocaine context re-exposure or novel context exposure was sufficient to make cocaine memories vulnerable to manipulation by mifepristone administered during the putative time of cocaine-memory reconsolidation (Fig. 2) . Furthermore, intra-BLA mifepristone administration produced a dose-dependent increase in serum corticosterone concentrations during the putative time of memory reconsolidation (Fig. 3) but an inverted U-shaped dose effect curve on subsequent cocaineseeking behavior (Fig. 2) , consistent with effects on cocaine memory strength or salience.
HPA axis activation and memory reconsolidation
Previous findings regarding the contributions of BLA GRs to memory reconsolidation have been inconsistent. For instance, intra-BLA mifepristone administration disrupts auditory fear memory reconsolidation (Jin et al., 2007) following re-exposure to a shock-predictive cue that elicits modest HPA axis activation (Kiyokawa et al., 2015) . Conversely, intra-BLA mifepristone administration restores Pavlovian morphine memory and object recognition memory reconsolidation after impairment produced by forced cold water swim and novel elevated platform stressors (Maroun and Akirav, 2008; Wang et al., 2008 ) that prompt robust HPA axis activation (Caudal et al., 2014; Jain et al., 1996) . In the present study, chronic mild food restriction (20e25 g of chow per day) may have slightly elevated baseline corticosterone levels, as such effects have been reported with more severe food restriction (12 g of chow/day) (Stamp et al., 2008) . Nevertheless, exposure to the cocaine-paired context modestly raised blood serum corticosterone concentrations, similar to mild stressors (Kiyokawa et al., 2015) , also concurring with reports of cue-induced HPA axis activation in cocaine users (Berger et al., 1996) . Specifically, following the 15-min cocaine-memory reactivation session serum corticosterone concentrations were significantly higher relative to those observed (a) following exposure to the extinction context in the same animals and (b) following exposure to the home cage in a different group of animals at the same stage of adaptation to handling and to the tail nick procedure (Fig. 3A left panel) . However, unlike in previous studies, intra-BLA administration of 3 ng of mifepristone following cocaine-memory reactivation enhanced memory strength or salience and thus subsequent drug contextinduced cocaine-seeking behavior, whereas 10 ng of mifepristone appeared to block memory enhancement without impairing memory reconsolidation relative to vehicle (Fig. 2AeB) . Together the findings suggest that the effects of BLA GR stimulation on memory reconsolidation may be determined by the degree of HPA axis activation and/or by other paradigm-specific variables as described below.
Mifepristone-induced memory enhancement following explicit memory reactivation
We postulate that mifepristone administered into the BLA at the lower dose (3 ng/hemisphere) elicited a reactivation-dependent enhancement of memory strength or salience in the course of memory reconsolidation, based on the results of the control experiments. Specifically, mifepristone administered without explicit memory reactivation (i.e., following home cage stay) failed to facilitate subsequent cocaine-seeking behavior (Fig. 2C) , suggesting that mifepristone-induced memory enhancement required memory destabilization. It is unlikely that the increase in cocaineseeking behavior at test reflected a mifepristone-induced inhibition of extinction learning. Responding at test typically approximates the magnitude of responding during cocaine selfadministration training in this paradigm, and responding in the 3-ng mifepristone group significantly exceeded the selfadministration baseline ( Fig. 2A) and was also more robust than responding in the vehicle control group at the onset of the test session (Fig. 2B) . The effects of mifepristone were anatomically selective to the BLA in that mifepristone infusion into the pCPu after memory reactivation failed to enhance cocaine-seeking behavior (Fig. 2D) . Finally, the increase in cocaine-seeking behavior did not reflect mifepristone-induced protracted hyperactivity since mifepristone did not increase inactive lever responding in the cocainepaired context (Table S1 ) or locomotion in a novel context (Fig. 2F ) 72 h post administration, relative to vehicle.
Interestingly, intra-BLA administration of mifepristone dosedependently increased serum corticosterone concentrations relative to vehicle during the putative time of memory reconsolidation ( Fig. 3A middle panel) . This effect likely reflected a mifepristoneinduced disinhibition of drug context-induced HPA axis activation and a consequent increase in corticosterone concentrations (Tasker and Herman, 2011) , because mifepristone alone (i.e., following home cage exposure) failed to alter serum corticosterone levels ( Fig. 3A right panel) , relative to vehicle. Accordingly, we hypothesize that enhanced HPA axis activity during memory reconsolidation is related to the formation of stronger cocaine memories during reconsolidation. The exact mechanisms by which HPA axis activation mediates this effect (e.g., corticotropin-releasing hormone, adrenocorticotropic hormone, glucocorticoids) have yet to be determined. One possible mechanism supported by existing literature is that HPA axis activation amplifies norepinephrine release and consequently ERK activation in the BLA (Nathan et al., 2004; Roozendaal et al., 2009) . Beta-adrenergic receptor stimulation and ERK activation in the BLA are required for cocaine-memory reconsolidation (Otis et al., 2013; Wells et al., 2013) and, at supraphysiological levels (i.e., following mifepristone administration), these mechanisms may produce cocaine-memory enhancement.
While corticosterone has inhibitory feedback function at the level of the hypothalamus and the anterior pituitary, corticosterone in the BLA may enhance memory strength by prolonging excitatory neurotransmission in the BLA and thus lengthening the time window of memory encoding (Karst et al., 2002 (Karst et al., , 2010 Milton et al., 2008) . This possibility is supported by the observation that corticosterone elicits rapid increases in BLA principal neuronal excitability through mineralocorticoid receptor-mediated (MR) mechanisms, whereas it elicits enduring increases in neuronal excitability (Karst et al., 2010) and facilitates long-term potentiation (Sarabdjitsingh et al., 2012) through GR-mediated mechanisms. Since BLA MR are not saturated under baseline conditions (Karst et al., 2010) , moderate corticosterone concentrations may preferentially increase MR stimulation in the BLA based on the higher binding affinity of corticosterone for MRs than for GRs (Reul, 2014) . However, following drug context-induced HPA axis activation and mifepristone, the associated higher corticosterone concentrations increase BLA GR stimulation, produce enduring enhancement in BLA excitability (Karst et al., 2010) , and thus boost memory strength and subsequent drug context-induced cocaineseeking behavior. Importantly, both doses of mifepristone fully antagonize cytoplasmic GRs in the BLA based on the higher affinity of mifepristone for these GRs (K D ¼ 0.4 nM, IC 50 ¼ 2 nM) relative to corticosterone's affinity for the same receptors (K D ¼ 2.5e5 nM) (Heikinheimo et al., 1987; Reul, 2014; Svec, 1985) . However, mifepristone does not antagonize membrane-bound GRs (Di et al., 2003) . Therefore, increased membrane-bound GR stimulation may contribute to memory enhancement following mifepristone administration by facilitating endogenous cannabinoid synthesis and subsequent cannabinoid receptor 1 stimulation (Di et al., 2003; Tasker and Herman, 2011) , predominantly on GABAergic terminals within the BLA (Katona et al., 2001) .
In summary, the present findings suggest that cytoplasmic GR stimulation in the BLA exerts an inhibitory influence on HPA axis activation, drug-memory reconsolidation, and subsequent contextual control over drug-seeking behavior. In support of this conclusion, low-dose mifepristone treatment, which appeared to disinhibit drug context-induced HPA activation, potentiated drug context-induced cocaine-seeking behavior. Cocaine-context exposure plus high-dose mifepristone (10 ng/hemisphere) treatment failed to potentiate drug context-induced cocaine-seeking behavior (Fig. 2AeB) , despite further increasing HPA axis activation, as indicated by an increase in serum corticosterone concentrations (Fig. 3B middle panel) . This may reflect that HPA axis activity must fall within a specific range to permit cocaine-memory strengthening during reconsolidation (Meir Drexler and Wolf, 2016) , similar to what has been theorized for memory consolidation (de Quervain et al., 2009 ).
Memory enhancement following stress-induced memory destabilization
Remarkably, mifepristone administration after novel context exposure increased subsequent cocaine-seeking behavior (Fig. 2EeF) , similar to mifepristone administration after explicit cocaine-memory reactivation through cocaine-paired context exposure. This effect did not simply arise from generalization between the novel and cocaine contexts and subsequent cocaine memory retrieval and destabilization. In strong support of this, we have shown that manipulations that reliably disrupt the reconsolidation of labile cocaine memories fail to alter cocaine-seeking behavior when administered after exposure to the same novel context Ramirez et al., 2009; Wells et al., 2013) . Furthermore, the novel context control group (Fig. 2E) did not exhibit greater drug context-induced cocaine-seeking behavior, and thus evidence of recent cocaine-memory reconsolidation and memory enhancement, relative to the home cage control group (Fig. 2A) .
Extant literature indicates that novel context exposure can trigger similar elevations in serum corticosterone levels (~270 ng/ ml (Seggie and Brown, 1975) ; as cocaine-paired context exposure did in the present study (Fig. 3A left panel) . Notably, it is improbable that strong HPA axis activation following novel context exposure plus mifepristone treatment potentiated the expression of cocaine-seeking behavior, independent of effects on cocaine memories. Stress-induced reinstatement of drug-seeking behavior is highly context-specific and time-dependent (Shalev et al., 2000) , and stress-induced augmentation of reinstatement requires presentation of the stressor in the drug-paired context during the test session. Similarly, the results of drug discrimination studies fail to support the idea that HPA axis activation or high corticosterone concentrations could have destabilized cocaine memories by inducing a cocaine-like interoceptive state (Filip et al., 2000) . One possible explanation, however, is that robust HPA axis activation destabilizes, and thus triggers the reconsolidation and strengthening of, long-term memories in a nonspecific manner. In support of this intriguing hypothesis, Je zek et al. (2010) have demonstrated that a more robust stressor, forced swim stress (corticosterone concentrations~450 ng/ml; Connor et al., 1997) , alone can enhance the subsequent recall of unrelated appetitive or aversive memories. Moreover, swim stress effects on recall could be inhibited by standard reconsolidation inhibitor manipulations (i.e., electroconvulsive shock or propranolol) administered immediately, but not 5 h, post swim. Future research will need to ascertain whether the effects of novelty stress plus mifepristone on memory reconsolidation are indeed nonspecific in the drug context-induced reinstatement model.
Implications for maladaptive memories
The findings from the present study suggest that exposure to a cocaine-paired context, unrelated stressful events, or HPA axis dysfunction can increase the vulnerability of cocaine memories to enhancement. Importantly, these mechanisms may contribute to the development of pathologically strong and intrusive cocaine memories in substance abusers. Future studies will need to explore the circuitry and signaling events involved in this form for memory enhancement. It will also be interesting to evaluate the effects of GR manipulations on the incubation of craving (i.e., time-dependent increase in the magnitude of cocaine-seeking behavior) in rats (Grimm et al., 2001; Tran-Nguyen et al., 1998) , a phenomenon that may be a manifestation of memory enhancement during abstinence (Wells et al., 2011) . The present findings suggest that preempting the enhancement of memory strength drug memory reconsolidation may be a useful adjunct to other approaches for drug relapse prevention.
